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Brandon Latorre Master's Thesis Contribution:  
 
I extracted DNA from 57 Melanitis leda butterflies. The following PCR reactions were 
conducted: 56 specimens in cytB; 43 specimens in COI (both a and b); 48 specimens in EF1a (1, 
2, and 3); 42 specimens in wg; and all MLST loci. In addition, I screened all M. leda butterflies 
for Wolbachia using the wsp locus. 
 
 After sequences were acquired from macrogen, I used Sequencher 5.1 to align 
forward/reverse sequences and edited every sample from the PCRs that I did. To determine 
which Wolbachia coinfect M. leda in Australia and Fiji, I created the input file for PHASE 2.1 
(implemented on DnaSP 6.0), but did not conduct analyses. With reference to the PubMLST 
Database, I identified the Wolbachia sequence types (STs) that are infecting the M. leda in the 
study and subsequently searched for other organisms that were infected with these Wolbachia 
STs. In addition, I downloaded and aligned all Wolbachia MLST sequence data to make every 
Wolbachia phylogeny. 
 
I aligned every data matrix using SeaView and concatenated MLST, nDNA, mtDNA, and 
mtDNA+nDNA sequences using SequenceMatrix 1.8. I then inferred the best-fit model for every 
loci or combination of loci using jModelTest 2. I used TNT 1.5 to conduct parsimony analyses 
on each data matrix. I conducted all Bayesian phylogenetic analyses using MrBayes 3.2.6 via 
Cipres Science Gateway. I calculated all COI pairwise distances using MEGA 7. I conducted all 
phylogenetic associative analyses using BaTS (although I did not make input files). I created a 
heatmap using HeatMapper. I used Adobe Illustrator CS5 to create and edit all maps and 
phylogenies. I used Microsoft Excel to create all tables. I wrote and revised the manuscript, 
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Insects are the most species-rich multicellular taxon on the planet, and it is estimated that 
more than half of all insect species are infected with the endosymbiont Wolbachia. This 
bacterium can manipulate the reproduction of its host and potentially affect host evolution. Most 
surveys investigating patterns of Wolbachia infection in nature sample limited numbers of 
individuals; population-level investigations into geographic differences in infection status that 
might affect host evolution are few. To investigate geographic variability among populations of a 
single species, we assayed 133 Melanitis leda butterflies (Lepidoptera: Nymphalidae: Satyrinae) 
for Wolbachia infection collected throughout its range in the Old World tropics and subtropics 
from Ghana to Fiji.  Potential effects of the parasite on the evolution of its host were assessed by 
inferring phylogenies of the host with nuclear and mitochondrial markers, and by inferring 
relationships among the Wolbachia strain (sequence type, ST) that we detected in different 
populations. Geographic variability was apparent on two levels: prevalence of infection and ST 
of infection. Every M. leda individual on Java and all landmasses south and east of Wallace’s 
 
 3 
Line were all infected with at least one of three different sequence types; individuals in Australia 
and Fiji hosted at least two different STs. Butterflies collected elsewhere were often not infected, 
but most that were had a fourth ST, except for a single individual in Uganda with a fifth ST. 
Infection status coincided with patterns of nuclear and mitochondrial variability.  With the 
exception of the Ugandan individual, there was no genetic structure in populations collected 
throughout Africa, Madagascar, South Asia, mainland Asia, the Philippines, Borneo, and 
Sumatra; this homogeneity implies frequent gene flow between these areas or may be the result 
of recent M. leda colonization events. Specimens from Australia, New Guinea, and the 
archipelagos of Southeast Asia and Oceania had nuclear and mitochondrial structure. The 
topology of nuclear and mitochondrial trees conflicted with regard to the placement of the clades 
containing specimens from the South Pacific and Ghana. Although this result is consistent with 
Wolbachia- imposed selection through linkage disequilibria, other factors may play a role in this 
discord, including the lower effective population size & higher mutation rate of mitochondrial 
DNA, as well as genetic differences expected between different geographical regions. These 
results are consistent with the notion that marine barriers limit the dispersal of the host, which 
seems to permit different strains of Wolbachia to enter insular populations through horizontal 
transmission at different times and places before subsequent vertical transmission. Some of these 
STs seem to exert selection on the host, but many do not.  
 
Introduction 
Diverse bacteria and fungi live within terrestrial arthropods, where they are primarily transmitted 
vertically and can affect the nutrition, development, defense, and reproduction of their hosts 
(Duron et al. 2008; Gibson & Hunter 2010; Moran et al. 2008). The Alphaproteobacteria genus 
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Wolbachia is perhaps the most common, widely distributed, and best studied of these heritable 
endosymbionts (Russell et al. 2009; Weinert et al. 2015), and has been detected in nematodes 
and arthropods, including the majority of insect species surveyed (Hilgenboecker et al. 2008; 
Weinert et al. 2015; Werren et al. 2008). The Wolbachia lineage is estimated to be ~200 my old, 
and its diversification coincides with that of insects, which seem to comprise the most common 
hosts (Gerth & Bleidorn 2016). Wolbachia strains are not recognized as species per se, but are 
categorized by their lineage. The taxon is divided into at least sixteen supergroups that infect 
various arthropods and nematodes (designated by letters; Baldo & Werren 2007; Glowska et al. 
2015). Supergroup designations are assigned to different clades of phylogenetic networks 
inferred with portions of four protein-coding genes (ftsZ, gltA, groEL, and coxA), and part of the 
16S rRNA gene (Ramirez-Puebla et al. 2015; Ros et al. 2009). Supergroups are further divided 
into sequence types (STs) on the basis of sequence differences at five multi-locus sequence 
typing (MLST) loci (designated by numbers; Baldo et al. 2006a; Baldo et al. 2006b). Infection of 
an individual organism with two or more Wolbachia strains has been observed in many 
arthropod taxa (Baldo et al. 2006b; Mitsuhashi et al. 2011; Narita et al. 2007; Vavre et al. 1999).  
This coexistence makes possible selective exchange of genetic material, and comparative 
genomics of Wolbachia demonstrates rampant recombination among different lineages (Baldo et 
al. 2006a; Werren & Bartos 2001). Frequent recombination between clonal lineages thus 
necessitates identification using multiple markers (hence the MLST framework), but recent 
evidence suggests that the standard Wolbachia MLST loci might not adequately represent the 
genomic variability of different lineages (Bleidorn & Gerth 2018). Although this MLST 
procedure is an improvement on the former method of ST identification using only one locus, 
Bliedorn & Gerth (2017) suggest pursuing a whole genome approach in characterizing 
 
 5 
Wolbachia. The existence of an established database dedicated to Wolbachia characterization 
using these five markers (pubMLST.org/Wolbachia), and budgetary constraints influenced our 
decision to pursue MLST using five markers in our study. 
 
Different STs can impact their hosts in different ways, ranging from mutualism and apparently 
benign commensalism to parasitic manipulation. In parasitic interactions, Wolbachia 
commandeers the reproductive biology of its host to favor production of females, since the 
bacterium is primarily transmitted in ova. Because Wolbachia and mitochondria are both 
uniparentally inherited in the host female line, and because Wolbachia can exert significant 
selection pressure on its host, non-recombining mitochondrial loci in Wolbachia-infected 
organisms can act as if they are under selection, and their evolutionary history can differ from 
nuclear markers (Kodandaramaiah et al. 2013; Smith et al. 2012).  Moreover, rare interspecific 
mating between closely related host taxa can transfer Wolbachia and its associated mitochondrial 
genome from one species to another without easily detectable introgression of nuclear DNA 
(Jiggins 2003).  In this way, different species can share identical mitochondrial genomes (and 
DNA barcodes), yet retain distinctive nuclear genomes (Kodandaramaiah et al. 2013; Sahoo et 
al. 2018; Whitworth et al. 2007).  
 
The presence of similar or identical sequence types in distantly related host taxa and widely 
separated geographical locales provides strong indirect evidence that horizontal transmission is 
common between host species and populations (Ahmed et al. 2016; Huigens et al. 2004; 
Raychoudhury et al. 2009). Horizontal transmission may be facilitated by ecological interactions, 
including transmission between predators and prey (Le Clec’h et al. 2013) or between parasitoids 
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and their insect hosts (Vavre et al. 1999), and from shared, syntopic use of a common resource 
(Li et al. 2016; Stahlhut et al. 2010). Imperfect transmission from mother to offspring may lead 
to the loss of Wolbachia from a population over time (Bailly-Bechet et al. 2017). The rarity of 
co-diversification between Wolbachia and its hosts (Raychoudhury et al. 2009) suggests that 
infection within a population is relatively short-lived and that infection status of a population is 
labile over evolutionary time scales (Bailly-Bechet et al. 2017). 
 
Reproductive manipulation by Wolbachia can occur through one of four mechanisms: male-
killing, parthenogenesis, feminization of males, and cytoplasmic (sperm-egg) incompatibility 
(Werren et al. 2008). These manipulations have the potential to exert strong selective pressures 
on the host that decrease fecundity, alter effective population sizes, and prevent mating between 
different populations (Charlat et al. 2003). For example, Wolbachia has been implicated in 
divergence between two Eurema butterfly species (Kern et al. 2015; Narita et al. 2006), though 
evidence of such effects on hosts is rare, given the prevalence of Wolbachia within insects 
(Weinert et al. 2015). Wolbachia-induced CI may lead to pre-mating isolation and reinforcement 
against mating between populations with different Wolbachia strains; the host populations may 
subsequently diverge genetically (Telschow et al. 2005). In a few taxa, Wolbachia and its host 
may coevolve and create obligate symbioses. For example, Dedeine et al. (2001) used antibiotics 
to remove Wolbachia from thirteen populations of the parasitic wasp species Asobara tabida; 
disinfected females were unable to produce mature oocytes, preventing reproduction.  
 
There have been numerous surveys seeking to document the prevalence of Wolbachia infection 
in arthropod taxa, typically by attempting to amplify a fragment of the Wolbachia surface protein 
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(wsp) gene (Zhou et al. 1998) from one or a handful of individuals from multiple species 
(Ahmed et al. 2015; Glowska et al. 2015; Hilgenboecker et al. 2008; Jeyaprakash & Hoy 2000; 
Jiggins et al. 2001; Russell et al. 2012; Russell et al. 2009; Shoemaker et al. 2002; Tagami & 
Miura 2004; Weinert et al. 2015; Werren et al. 1995a; Werren & Windsor 2000), including 
intensive cross-taxon surveys within defined geographic areas (Bailly-Bechet et al. 2017; Ilinsky 
& Kosterin 2017). Although some studies use available data to assess the proportion of infected 
individuals within a species (e.g., Ahmed et al. 2015), there are few studies that investigate 
geographic variability in the prevalence and ST of Wolbachia infection within a single species 
(but see Charlat et al. 2005). Since evolution is a population-level process, potential impacts of 
the bacterium on its host might be underestimated by surveys that do not attempt to identify 
Wolbachia from throughout a species’ range. Populations that differ in the presence of 
Wolbachia or the ST of infection might be expected to diverge from each other—potentially 
becoming reproductively incompatible. We expect inter-population differences in infection status 
and sequence to be most marked on archipelagoes, where dispersal between islands by terrestrial 
organisms requires dispersal over many kilometers of open sea. 
 
To test the hypothesis that populations within a single species may differ in the prevalence and 
sequence type of Wolbachia infection, we investigated geographic patterns of Wolbachia 
infection within the butterfly Melanitis leda (Linnaeus 1758) (Lepidoptera: Nymphalidae: 
Satyrinae). The species is distributed throughout all tropical and subtropical regions of the Old 
World (Aoki et al. 1982), including Sub-Saharan Africa, Madagascar, mainland Asia, Oceania, 
and the Indo-Australian Archipelago (IAA)—the largest island chain on Earth, with over 20,000 
islands comprising Indonesia, the Philippines, Malaysia, and several other countries (Lohman et 
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al. 2011). Melanitis leda is typically locally abundant and easy to capture in butterfly traps baited 
with rotting fruit, making the species easy to sample throughout its range. Larvae feed on a 
variety of grass species (Poaceae), including economically important crops such as corn, rice, 
sorghum, and sugar cane (Robinson et al. 2009). Adults are crepuscular (Kemp 2002, 2003) and 
frequently feed on fallen fruit. Camouflage patterns on the undersides of the wings are highly 
variable among individuals, showing extensive seasonal polyphenism and variability, even 
among syntopic individuals (D.J. Lohman, pers. obs.; Brakefield 1987). Nine subspecies are 
currently recognized (Lamas 2015): M. l. leda (South Asia, Indochina, the Greater Sundas, the 
Lesser Sundas, and the Philippines); M. l. helena (Africa, Madagascar, and islands in the Indian 
Ocean); M. l. bouruana (New Guinea and the Moluccas), M. l. celebicola (Sulawesi); M. l. 
bankia (Australia); M. l. hopkinsi (Samoa); M. l. salomonis (Solomon Islands); M. l. solandra 
(Fiji, Vanuatu, and Tahiti); and M. l. ponapensis (Palau and the Mariana and Caroline Islands).  
 
 In addition to assaying each specimen for Wolbachia and sequence typing a selection of infected 
individuals, we examined the phylogeographic history of the host butterfly species using both 
nuclear and mitochondrial loci to allow inference of the host’s biogeographic history and the 
potential impact of the parasite on the evolution of the butterfly host. We also used publically 
available Wolbachia MLST sequence data to visualize cross-taxon geographic infection patterns 
in a phylogenetic context to shed light on whether particular Wolbachia STs specialize on host 
taxa or on hosts restricted to defined geographic areas. 
 
Methods 
Taxon and marker selection 
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We sampled 133 Melanitis leda butterflies with aerial nets and butterfly traps (bugdorm.com) 
baited with rotting fruit (Molleman et al. 2005) throughout the species’ entire range in 23 
countries in Africa, Asia, and Oceania, but our collection efforts were more intensive in the IAA 
and Oceania (Table S1), particularly the countries of Indonesia (40 individuals sampled); the 
Philippines (14); Australia (11); and Thailand (11). A single individual was sampled from the 
countries of Bangladesh, Singapore, Zambia, and Papua New Guinea. In other countries, we 
have 2-8 individuals sampled. Wolbachia can be found throughout the host’s body, but is 
concentrated near the gut and gonads (Dobson et al. 1999). We therefore excised abdominal 
tissue near the thorax, and genomic DNA from both the insect and any endosymbiotic bacteria 
within was extracted from 133 specimens using OmniPrep for Tissue kits (gbiosciences.com) or 
a CTAB phenol-chloroform protocol (Porebski et al., 1997). 
 
To reconstruct the phylogeographic history of the butterfly hosts, we sequenced two 
mitochondrial markers, cytochrome c oxidase I (COI) and cytochrome b (cytB), from all 133 M. 
leda specimens. We then assayed each for Wolbachia infection by attempting to amplify a 
fragment of the Wolbachia surface protein gene, wsp, via polymerase chain reaction (PCR) 
(Zhou et al. 1998). Positive and negative controls were used in every PCR reaction; see Table S2 
for primer and PCR information. From the 92 individuals in which Wolbachia was detected, we 
selected a subset of 40 samples for multi-locus sequencing typing (MLST), including at least two 
infected individuals from each biogeographic region (when available among our sampled 
specimens). Five MLST loci (glutamyl-tRNA amidotransferase subunit B, gatB; cytochrome c 
oxidase, subunit I, coxA; conserved hypothetical protein, hcpA; cell division protein, ftsZ; and 
fructose-bisphosphate aldolase, fbpA) and wsp were amplified and sequenced from each selected 
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specimens using the primers and PCR protocol of (Baldo et al. 2006a). Budgetary considerations 
prevented MLS typing of Wolbachia from all infected butterflies. We sequenced two nuclear 
markers from the butterfly hosts of all Wolbachia-infected individuals selected for MLST to 
ascertain potential discord between mitochondrial DNA (mtDNA) and nuclear DNA (nDNA): 
elongation factor 1 (ef1a) and wingless (wg).  
 
Sequence analysis, and PubMLST data extraction 
PCR products were Sanger sequenced on an ABI 3730xl DNA analyzer by Macrogen 
(macrogenusa.com); Sequencher 5.1 (genecodes.com) was used to edit and align heavy and light 
strands of the same sequences. Electropherograms were inspected to confirm apparent 
polymorphisms when base calls on heavy and light strands differed. In butterflies that were 
infected with multiple Wolbachia STs, PCR products of each MLST locus contained amplicons 
from each ST, and Sanger sequencing these products resulted in electropherograms in which 
base pairs that differed among STs were visible as overlapping peaks shorter than the 
surrounding peaks.  These were coded as ambiguities. Since this situation is analogous to 
heterozygosity due to differences in maternally and paternally inherited alleles, we 
used PHASE 2.1 (Stephens & Scheet 2005) implemented in DnaSP 6.0 (Librado & Rozas 2009) 
to infer MLST sequences of different strains that were sequenced at the same time.  To infer 
which of the “phased” MLST sequences were most likely from the same bacterium, we 
compared the five pairs MLST loci recovered from each butterfly with the combinations we 
observed in our own data and recorded from other insects (pubmlst.org) to deduce likely sets of 
co-occurring sequences from the same Wolbachia strain. Haplotype inference using PHASE are 
nearly as accurate as results obtained by cloning (Harrigan et al. 2008). Heteozygous sites were 
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most numerous in wsp, and amplicons frequently differed in length as well as sequence. 
Therefore, to isolate distinct wsp haplotypes, we cloned PCR products into Escherichia coli, then 
amplified and sequenced wsp from six of the bacterial clones from each colony.  
 
Sequence types were determined by querying the Wolbachia MLST Database 
(pubMLST.org/wolbachia) with sequences of all five MLST markers from each infected 
specimen. We also used this resource to download and analyze additional MLST sequence data 
to address questions about Wolbachia relatedness and host infection (Baldo et al., 2006b; Jan. 
17th). To determine whether Wolbachia infection in the widely distributed species M. leda results 
from a single infection event followed by subsequent proliferation with the species, or whether 
the dynamics are more complex, we combined our data with other publicly available MLST data 
and inferred phylogenetic relationships among them. To determine whether particular Wolbachia 
STs are associated with geographical locales and horizontally transferred among co-existing 
arthropod species, we combined our MLST data with data from all Wolbachia infecting any host 
taxon found in the countries in which we sampled infected M. leda in a dataset called W-
Country. To determine whether particular STs are associated with particular lepidopteran 
lineages, we combined our data with MLST sequences from all Wolbachia infecting Lepidoptera 
globally in a dataset called W-Lepidoptera.  To determine the minimum number of times that M. 
leda has been infected by any Wolbachia ST, we combined our data with all Wolbachia in 
supergroups A and B (the two supergroups found infecting M. leda) in a dataset called W-AB.  
To reduce taxonomic bias of the MLST database and our own dataset, we only included MLST 
data from one ST per host species in each of these three datasets. The trees, which included only 
sequences from Wolbachia supergroups A and B (which together form a clade; Gerth & Bleidorn 
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2016), were rooted with sequences from closely related supergroup F and H. To assess whether 
associations between ST and other factors were significant given the phylogeny, we assessed 
phylogenetic clustering using Bayesian Tip-association Significance testing (BaTS; Parker et al. 
2008).  Each BaTS analysis was replicated 1000 times to examine: 1) associations between host 
locality and Wolbachia evolutionary history (Fig. S1); 2) for associations between host and 
bacterial evolutionary history (Fig. S2); and 3) associations between Wolbachia ST and M. leda 
host locality (mtDNA). We also used the MLST database to determine what other organisms are 
infected with the STs found in this study. 
 
Phylogenetic inference and biogeographic visualization 
There were few indels in our sequence data, so alignment of each butterfly and bacterial locus 
was trivial and accomplished using MUSCLE implemented in SeaView (Edgar 2004; Gouy et al. 
2010). jModelTest 2 (Darriba et al. 2012) was used to infer the best-fit model of sequence 
evolution for each marker using the corrected Akaike Information Criterion (AICc; Table S3). 
Sequences from each butterfly specimen were concatenated with data partitions in 
SequenceMatrix 1.8 (Vaidya et al. 2011) and four datasets were exported: 1) both mtDNA 
markers from all 133 butterfly individuals; 2) concatenated mtDNA and nDNA markers from the 
40 samples used in the MLST analyses; 3) both mtDNA markers from the subset of 40 samples 
used for MLST analyses; and 4) both nDNA markers from the 40 samples used for MLST 
analyses. All five Wolbachia MLST loci infecting M. leda were concatenated and exported as a 
fifth dataset, then each locus from these data was aligned with the downloaded MLST datasets 
(W-Country, W-Lepidoptera, and W-AB) and then pruned to include one individual per 
sequence type per species as described above. Parsimony and Bayesian phylogenetic analyses 
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were performed separately on each dataset. A TBR heuristic parsimony analysis with 1,000 
replicates was conducted on each matrix with TNT 1.5 (Goloboff et al. 2008). Ten trees were 
saved from each replicate, replacing existing trees. To assess confidence in the final tree, 10,000 
replicates of symmetric resampling were performed with a 33% change probability, and 
summarized as absolute frequencies (Goloboff et al. 2003).  
 
Bayesian analyses were performed with MrBayes 3.2.6 (Ronquist et al. 2012) on the CIPRES 
Science Gateway (phylo.org; Miller et al. 2010) using two runs of four chains (one cold, three 
heated) for 10 million generations, sampling every 1000 generations. Parameter values for each 
locus (mtDNA, ef1a, and wg in butterflies; each of the five bacterial loci) were estimated from 
the data and allowed to vary independently. In each analysis, a majority-rule consensus tree was 
calculated after the first 25% of the trees were discarded as burn-in.  
 
To explore mitochondrial genetic variability among our sampled specimens, we calculated 
pairwise distances for COI in MEGA 7 (Kumar et al., 2016). Variability within and between 
each mtDNA clade, within infected, within uninfected, and between uninfected and infected, as 
well as variability within the species as a whole. We used a gamma distribution with four 
parameters, and missing data treated with pairwise deletion.  
 
To visualize geographic patterns of infection frequency, we used Heatmapper, a web-based tool 
that generates spatially heatmaps based on input data of percent of M. leda infected with 





Phylogeographic history of Melanitis leda 
The mitochondrial phylogeny of all 133 M. leda specimens had five well-supported, 
biogeographically defined clades: 1) Oceania (including the Solomon Islands, Vanuatu, and Fiji); 
2) Australia and New Guinea, which are demarcated on their western edge by Lydekker’s Line, 
which traces the Sahul Shelf (Simpson 1977); 3) Wallacea and Java, implying dispersal across 
Wallace’s Line;  4) a widespread clade including all African samples except for one of our three 
samples from Uganda and all samples from mainland Asia, the Philippines, Borneo, and Sumatra 
(i.e., nearly all samples west and north of Wallace’s Line except those on Java); and 5) sample 
SZS-KW-282 from Uganda (Fig. 1).  
 
This result was mirrored in the phylogenies based only on mtDNA of infected individuals (Fig. 
2), on mtDNA+nDNA of infected individuals (not shown), but not the phylogeny based on 
nDNA of infected individuals (Fig. 2), demonstrating some degree of mito-nuclear discord. 
Inspection of the nDNA tree suggests a grade of widespread species including Ugandan 
specimen SZS-KW-282, a grade of species from Wallacea and Java, and a clade comprising all 
specimens from the South Pacific, Australia, and New Guinea. In the mtDNA tree, South Pacific 
specimens were well differentiated and not sister to those on Australia and New Guinea (Fig. 2). 
 
Genetic variability within and between different mtDNA clades was determined by calculating 
COI uncorrected pairwise distances in MEGA 7 (Table S4). Little genetic variability is apparent 
within each mtDNA clade: the Oceania clade comprising various islands including Vanuatu, the 
Solomon Islands, and Fiji had the most variability with 0.5%; all other clades had ≤ 0.2% 
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differences in pairwise comparisons of COI. Genetic distances within infected individuals were 
1.8%; within uninfected, 0.3%. Pairwise genetic distances between infected and uninfected 
groups was 1.5%. When calculating variability between different mtDNA clades, genetic 
distances were greatest between the Oceanic and Widespread clades at 13.4%. Other 
comparisons were less marked, ranging from 1.6% difference between the Australian and 
Wallacea+Java clades to 3.2% difference between Wallacean and South Pacific clades. 
 
Geographic Patterns of Wolbachia infection 
Variability in Wolbachia infection was apparent on two levels: geographic regions differed in the 
percentage of infected individuals (Table S5) and also in the Wolbachia sequence type (Fig. 
1;Table S6). Melanitis leda from landmasses north and east of Wallace’s Line excluding Java 
were not always infected with Wolbachia, and when infected, specimens were nearly always 
infected with ST-302. This area spans over 85 longitudinal degrees and nearly 10,000 km, 
including Africa, mainland Asia, the Philippines, Sumatra, and Borneo. The single exception to 
this pattern was sample SZS-KW-282 from Uganda, which was the only sample in our analysis 
infected with ST-187. All Melanitis leda sampled on Java and landmasses east of Wallace’s Line 
were infected with Wolbachia, suggesting that 100% of individuals within those populations are 
infected. Moreover, all butterflies sampled in Australia and 2 out of 3 from Fiji were infected 
with at least two different sequence types living in the same hosts. Within the Indo-Australian 
Archipelago, there were further geographic patterns in the sequence types of infected butterflies. 
All specimens from Java, Sulawesi, the Lesser Sunda Islands, and Australia were infected with 
ST-297. Wolbachia ST-163 was found in the only M. leda specimen sampled from Maluku (on 
Aru), in one of the three individuals sampled from Fiji, and in all specimens from Australia. All 
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five samples from the Solomon Islands and two of the three Fijian specimens were infected with 
ST-19 (Fig. 1). In total, we detected five different Wolbachia sequence types infecting Melanitis 
leda butterflies throughout its range: four from Wolbachia supergroup B (ST-163, ST-187, ST-
297, and ST-302) and one from supergroup A (ST-19). Infection frequencies for each country 
can be found in Table S5. 
 
Phylogenetic history of Wolbachia 
Inspection of the phylogeny based on the W-Country dataset (Fig. S1) suggests that Wolbachia is 
highly vagile. Similar Wolbachia STs can be found in unrelated arthropod species; Wolbachia 
sister lineages are frequently found on different continents. Despite this observation, test for 
phylogenetic association between Wolbachia phylogeny and host locality were significant 
(association index, AI <0.014; Fitch parsimony score, PS <0.132) The phylogeny of dataset W-
Lepidoptera provides no evidence for co-cladogenesis between Wolbachia and Lepidoptera (Fig. 
S2); there was no clear topological correspondence between the phylogenies of Wolbachia and 
their hosts from ten lepidopteran families (AI <0.14; PS <0.044). 
 
None of the Wolbachia MLST sequence types we found in M. leda are restricted to a single host 
species or to any particular geographic region (Fig. 5). ST-19 infects M. leda in the Solomon 
Islands, Fiji, and Vanuatu but was previously found in 9 hymenopteran, 1 coleopteran, and 3 
lepidopteran species. These arthopods were collected in Canada, South Africa, Mainland Asia, 
Southeast Asia, and Russia. ST-163 was detected in Fijian and Aru M. leda individuals, but was 
documented in one dipteran species in Northeastern US and one hemipteran species in China. 
ST-187, which infects the M. leda in Uganda, was recorded in one hymenopteran species in the 
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Southeastern US. ST-297 infects butterflies in most of Indonesia and Australia but was 
previously discovered in Russia in three lepidopteran species, each in a different family. ST- 302 
infects the widespread clade that includes most of the areas between Africa and Southeast Asia. 





Phylogeographic Mosaic of Wolbachia Infection 
We have documented complex geographic variation in Wolbachia infection within a single, 
widespread host species. Moreover, the prevalence and sequence type of infection are closely 
related to host phylogeographic patterns. BaTS analyses indicate that there is a strong 
phylogenetic association between Wolbachia infection and host evolutionary history (association 
index, AI <0.01; Fitch parsimony score, PS <0.01) as well as host locality and host evolutionary 
history (association index, AI <0.01; Fitch parsimony score, PS <0.01). Closely related M. leda 
are found in the same biogeographic area and are likely to be infected with the same type of 
Wolbachia. These statistical analyses are consistent with the notion that Wolbachia infection is 
associated with mtDNA divergence. Although COI pairwise distances within infected 
individuals were 6x greater compared to COI pairwise distances within uninfected individuals, 
these analyses were unduly biased. We had over double the amount of infected M. leda 
compared to uninfected M. leda (92 and 41, respectively). In addition, all of the uninfected M. 
leda were sampled of the same geographic regions in the widespread clade, while infected M. 
leda were found throughout the entire study region, from West Africa to the South Pacific 
islands. These differences in COI are most likely produced by geographic variability within the 
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entire species. Wolbachia infection can differ in prevalence (e.g., percent of individuals infected) 
and sequence type among populations of a host species, which suggests that the ecological and 
evolutionary dynamics of Wolbachia infection may differ among geographically restricted host 
populations. 
 
Both mtDNA and nDNA suggest a M. leda clade/grade with surprisingly little genetic variability 
despite being distributed across Africa, Madagascar, continental Asia, the Philippines, Borneo, 
and Sumatra. The lycaenid butterfly Lampides boeticus has a comparably wide distribution over 
most of the Old World tropics and is similarly lacking in genetic variation, but only two of the 60 
L. boeticus samples in the study by Lohman and colleagues (2008) were infected with 
Wolbachia. This widespread M. leda clade represents various individuals from different 
populations that are or are not infected with ST-302. It is the only group with uninfected 
individuals; within this clade, there is a 0.2% mean pairwise distance in COI. Wolbachia does 
not seem to be influencing the evolution of the butterflies in these populations, as uninfected and 
infected individuals are almost genetically identical in both mtDNA and nDNA markers. Despite 
this, the bacterium may be affecting ecological dynamics such as dispersal. Tropical fruit-feeding 
nymphalid butterflies like Melanitis leda typically disperse randomly, have high mobility, long 
lifespans, and no home ranges (Marchant et al. 2015). In addition, female butterflies in 
populations infected with a male-killing Wolbachia are more prone to disperse farther because of 
a dearth of male mating partners (Charlat et al. 2007). The paucity of geographically structured 
genetic variation in M. leda and L. boeticus suggests that their extraordinary dispersal abilities 
have enabled them to spread across nearly half the globe with frequent gene flow over large 
spatial scales. Since M. leda feed on economically important crops, dispersal may potentially be 
 
 19 
anthropogenic; more cultivation is necessary for an increasing human population. Low genetic 
variability between this widespread area may also be caused by recent colonization events into 
these locales; not enough time has passed for detectable genetic differences to emerge.  
 
The most pronounced difference in mean COI pairwise distance, at 13.4%, was between the 
widespread clade and the Oceania clade (which contains individuals from Fiji, Solomon Islands, 
and Vanuatu). This difference may be mediated by varying Wolbachia infection as well as the 
inability for genetic homogenization due to geographic distance and impediments (such as 
water).  
 
Structuring associated with different symbiont strains over space is seen in Acraea encedon 
(Jiggins, 2003). Intensive studies on Hypolimnas also uncovered interesting patterns: ten out of 
thirteen specimens of H. bolina, four of nine H. alimena, and two of three H. anomala were 
infected with Wolbachia ST-125 in supergroup B. This Wolbachia strain has been previously 
identified in H. bolina as male killing wBol (Charlat et al., 2009). A different Wolbachia strain 
MLST 118 in supergroup A was present in H. anomala (Sahoo et al. 2018). The mosaic of 
Wolbachia infection discovered in this study is highly structured. The mtDNA phylogeny of 
Melanitis leda is geographically structured in the IAA and Oceania, where all individuals were 
infected with at least one Wolbachia ST. The nDNA phylogeny showed less structure, but the 
mtDNA clade of individuals from Java, Sulawesi, and the Lesser Sundas corresponds to a grade 
containing the same individuals in the nDNA phylogeny. Greater structure in mtDNA is not 
necessarily the consequence of Wolbachia-imposed selection pressure, as mtDNA evolves faster 
than nDNA because of its smaller populations size (Avise 1994), and is expected to show more 
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geographic structure, particularly in an archipelago where open water likely represents an 
impediment to dispersal. The specimens within this clade were sampled between two recognized 
biogeographic boundaries: Lydekker’s Line and Wallace’s Line. Lydekker’s Line to the west of 
Australia and New Guinea traces the edge of the Sahul Shelf. Wallace’s Line, as originally 
conceived by Alfred Russell Wallace, follows the edge of the Sunda Shelf, and runs between 
Bali and Lombok, between Borneo and Sulawesi, and south of the Philippines (though Huxley 
subsequently modified this line to run west of the Philippines; Simpson 1977). However, this 
clade also contains all six specimens sampled from Java, to the west of Wallace’s Line, but none 
of the five Sumatran or seven Bornean samples. Although currently separated by oceanic straits, 
Java, Sumatra, and Borneo are all thought to have been connected to the Asian mainland and to 
each other as early as the last glacial maximum in the Pleistocene (Cannon et al. 2009), which 
would have presumably provided increased opportunity for genetic exchange between 
populations on these now discrete islands. The distinctiveness of Javanese from Bornean and 
Sumatran populations in both nuclear and mitochondrial DNA suggests that incompatibility 
between Wolbachia strains from Java and the other two islands may have prevented successful 
interbreeding if the opportunity arose. Alternatively, current populations on Java may result from 
post-Pleistocene dispersal from the Lesser Sundas, followed by extirpation of populations of 
northern provenance from the widespread clade on Java. 
 
Our data from a single butterfly species indicates greater Wolbachia sequence type diversity and 
higher rates of infection in the Indo-Australian Archipelago. This observation is consistent with 
analyses of existing data suggesting that island-inhabiting Lepidoptera in the Old World host 
more sequence types of Wolbachia than other geographically defined areas (Ahmed et al. 2016).  
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However, the data used for these analyses were not necessarily collected in an unbiased manner, 
and these inferences are almost certainly influenced by the preponderance of data from intensive, 
regional study of Hypolimnas bolina (Charlat et al. 2005). In contrast, a study with global 
sampling focused on both ants and butterflies failed to find any obvious geographic hotspots of 
Wolbachia infection (Russell et al. 2009). 
 
Nuclear and Mitochondrial Phylogenetic Discordance 
The mtDNA phylogeny indicates that populations on the Solomon Islands, Fiji, and Vanuatu are 
a strongly supported clade that is sister to all other populations, whereas populations from Aru, 
New Guinea, and Australia form another strongly supported clade that diverged more recently. 
However, the phylogeny based on nDNA places all specimens from these clades into a single, 
relatively well-supported but poorly resolved monophyletic group. While it is difficult to infer 
confidently using a tree constructed from just two loci, this result suggests dispersal between 
Australia and islands to the east, which would have homogenized nDNA structure, followed by 
strong, Wolbachia-induced selection pressure to retain distinctive mitochondria. This selection 
pressure may come from the distinctive combinations of Wolbachia infecting M. leda in these 
two areas. Discord between relationships inferred with mitochondrial and nuclear DNA is also 
apparent in sample SZS-KW-282 from Uganda, which is on its own branch in the mitochondrial 
tree, but part of the widespread clade in the nuclear DNA tree. The discordant phylogenetic 
signal from different genomes in the same organism is consistent with the effects of linkage 
disequilibrium between a Wolbachia strain and the mitochondrial genotype that it infects. Strong 
endosymbiont-imposed selection may have driven that mitochondrial haplotype to fixation or 
nearly so (Charlat et al. 2009; Sahoo et al. 2018). Gene flow between populations or 
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hybridization between recently diverged species can introduce the mitochondrion-Wolbachia 
pair to new populations where Wolbachia-imposed selection can increase the prevalence of 
infection, even if natural selection purges evidence of introgressed nuclear DNA (Hurst & 
Jiggins 2005). Concordance between Wolbachia and mitochondrial loci, and their co-
transmission across species boundary has been recorded in Drosophila (between D. simulans and 
D. mauritiana), Acraea butterflies (A. encedon and A. encedana) and Eupristina wasps (cryptic 
species E. verticillate-1 and E. verticillate-2) (Rousset and Solignac, 1995; Ballard, 2000; 
Jiggins, 2003; Sun et al., 2011). Our results indicate that there is a biogeographic mosaic of 
Wolbachia infection that may or may not (according to the insect population) contribute to insect 
mtDNA divergence. 
 
Discordance between the mtDNA and nDNA phylogenies in Oceania is not associated with 
distinct supergroups infecting these populations. Supergroups A and B, which include all the STs 
found in this study, both infect arthropods (Werren et al. 2008). Sequence Type 163, which 
infects M. leda populations on Aru, Australia, and Fiji, is in supergroup B; ST-19, which infects 
populations in Vanuatu, Fiji, and the Solomon Islands belongs to supergroup A. One specimen 
from Fiji was infected with ST-163, and is in the same clade as the South Pacific population 
infected with ST-19. Although these STs have different histories and perhaps distinct 
mechanisms of host reproductive manipulation (if any), they likely do not have much influence 
over the evolution of their host and there seems to be gene flow between these insular 
populations butterfly populations. 
 
Horizontally Transmitting Wolbachia and M. leda Population Dispersal 
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It is known that Wolbachia is transmitted vertically in ova, and must occasionally also be 
transmitted horizontally, as evidenced by the same sequence type being found in unrelated 
organisms (Fig. 5; Ahmed et al. 2016; Duplouy et al. 2013). Phylogenies of Wolbachia 
supergroups A and B are typically incongruent with their hosts’ phylogeny, suggesting 
widespread horizontal transfer of lineages (Werren et al. 1995b). Horizontal transmission has 
received much attention and mechanisms have been proposed (Braquart-Varnier et al. 2015; 
Heath et al. 1999; Vavre et al. 1999; White et al. 2017). Lepidoptera undergo “infection 
sweeps,” of particular Wolbachia STs and the bacterium might not persist within particular 
species in sufficient time for genetic divergence to occur (Charlat et al. 2009; Hurst & Jiggins 
2005; Jiggins 2003; Kodandaramaiah et al. 2013; Narita et al. 2006; Opijnen et al. 2005; Schuler 
et al. 2016; Shoemaker et al. 2004). Hypolimnas bolina butterflies on various islands depict 
different stages of the same Wolbachia infection, ranging from lack of infection to near fixation 
(Duplouy & O’Neill 2010). The 20,000 different islands that encompass our study region may be 
repeatedly under similar infection pressure; as evidenced by the multiple strains found in 
Australian and Fijian specimens. Melanitis leda Oceanic populations are likely to have recently 
become infected with Wolbachia.  
 
Australian populations, potentially through horizontal transmission, are infected by multiple 
Wolbachia STs, including ST-297 and ST-163, which were found in Java and Aru, respectively. 
Multiple Wolbachia frequently co-infect hosts: Acraea encedon are infected with two male-
killing Wolbachia; ants frequently host multiple strains (Jiggins et al. 2001; Russell et al. 2012). 
Male- killer strains frequently move between host species on an evolutionary scale (Jiggins et al. 
2001). Any species in which Wolbachia-induced cytoplasmic incompatibility (CI) has been 
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documented, including Leptopilina heterotoma (Hymenoptera: Figitidae) must have at least two 
sequence types in the same population for CI to be detected (Vavre et al. 2001). Melanitis leda 
individuals in Fiji were also infected with multiple STs, but it was more difficult to identify 
which Wolbachia infect these populations because of lower sequence quality caused by a higher 
number of overlapping base pairs in the electropherograms. Sequence Type 19 was detected in 
Fijian populations, as well as few MLST loci from ST-163. Unfortunately, sequence data from 
Fijian butterflies were particularly more difficult to obtain; PHASE was able to delimit only two 
MLST loci of ST-163 in a single specimen, while cloning was able to delimit three ST-163 wsp 
loci from the other specimen. The third specimen from Fiji was only infected with ST-163; these 
lines of evidence demonstrate that Fijian M. leda that are infected with more than one 
Wolbachia. Hybridization events can produce the transfer of Wolbachia between individuals 
(Hurst & Jiggins, 2005).  
 
Wolbachia “gets around” 
The STs we found in M. leda are known from other insect orders and distant geographic locales, 
suggesting incredible host-facilitated vagility. In other organisms, ST-187 induces 
parthenogenesis and ST-19 causes cytoplasmic incompatibility, respectively. Identical 
Wolbachia strains may have different effects on different host taxa (Stouthamer et al. 1999), and 
we can therefore not infer the presence and/or type of reproductive manipulation experienced by 
M. leda populations without further experimentation. Phylogenetic analysis of Wolbachia 
infecting M. leda and other arthropods where these infected butterflies were found demonstrates 
an association between Wolbachia evolutionary history and host locality, but lack structure when 
incorporating other lepidopteran families (Fig. S2). In Fig S1, which includes all of the 
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documented Wolbachia that infect organisms in study localities, Wolbachia found in proximate 
localities were closely related to one another, however, these analyses may be biased because of 
the overrepresentation of “Sundaland” taxa. BaTS analyses indicate that there is a strong 
phylogenetic association between Wolbachia evolutionary history and geographic location (AI 
<0.014; PS <0.132). Phylogeny W2 includes all of the Wolbachia that infect Lepidoptera; 
Wolbachia that infected different Lepidopteran families were frequently sister to each other. 
BaTS analyses indicate that host relatedness is uncorrelated with Wolbachia evolutionary history 
(AI <0.142; PS <0.044), suggesting that host-endosymbiont coevolution is absent in the large 
scale. Phylogeny W3 exhibits the evolutionary history of all Wolbachia in Supergroup A & B. 
As expected, two major clades correspond to Supergroup A and B. The STs infecting M. leda are 
not each others’ closest relative. 
 
Melanitis leda taxonomy 
Of the Melanitis leda subspecies recognized by Lamas (2015), we sampled three or more 
individuals from M. l. bankia, M. l. bouruana, M. l. celebicola, M. l. helena, M. l. leda, M. l. 
salomonis, and M. l. solandra, but failed to sample M. l. ponapensis or M. l. hopkinsi.  None of 
the seven sampled subspecies were monophyletic in nuclear or mitochondrial phylogenies.  
Given the lack of monophyly, the extraordinary phenotypic variability of the underside (and 
occasionally upperside) of specimens collected even within a single locality (Aoki et al. 1982; 
Brakefield 1987), and the low likelihood that the two unsampled insular subspecies of this highly 
dispersive subspecies will be genetically differentiated from any others, suggest that further 
morphological studies may synonymize most or all subspecies into the nominate subspecies, 





We investigate Wolbachia infection in a widespread insect across its entire range, and document 
a novel pattern of infection that is largely associated with geography. Wolbachia infection can 
differ in prevalence (e.g., percent of individuals infected) and sequence type among geographic 
areas inhabited by the host species, which suggests that the ecological and evolutionary 
dynamics of Wolbachia infection may differ among geographically restricted host populations. 
There is a geographic mosaic of Wolbachia infection in M. leda in both infection frequency and 
ST of infection, which has the potential to encourage coevolution and divergence among 
populations through interactions with different symbiotic partners (Thompson 2005). Although 
some of our results are consistent with Wolbachia-induced selection on mtDNA and Wolbachia-
associated introgression of mtDNA, there is little evidence that suggests Wolbachia to cause 
speciation or divergence of nDNA among geographically defined lineages.  
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Fig 1. Geographical mosaic of Wolbachia infection in the butterfly Melanitis leda. Map: 
Populations in the regions west of Wallace’s Line (excluding Java) in blue were occasionally 
infected with Wolbachia.  Populations east of Wallace’s Line (including Java) are depicted in 
orange, blue, and green were all infected with Wolbachia. Phylogeny: Bayesian phylogeny of 
133 M. leda specimens sampled from their entire range based on two mitochondrial loci. The 
presence and identity of Wolbachia in each specimen is denoted with colored triangles in the 



























Fig 2. Discord between the inferred evolutionary histories of mitochondrial (left) and nuclear 
(right) loci in M. leda butterflies infected with Wolbachia. Populations in Oceania are strongly 
divergent from Australian populations at mitochondrial but not nuclear loci. An M. leda 
specimen is singularly infected with ST-187 and forms its own clade in mtDNA, but is grouped 
together with the widespread clade in nDNA. 






























Fig 3. HeatMap of Wolbachia demonstrating differential infection frequencies across all sampled 
regions. Regions in black were unsampled. Warmer colors indicate higher infection frequencies; 
































Fig 4. The phylogeny of Wolbachia that we sampled is geographically structured and includes 

































Fig 5. The Wolbachia STs that infect M. leda were originally documented in unrelated taxa with 

































Fig S1 (W-Country). Biased dataset exported from pubMLST; this phylogeny includes the 
Wolbachia that infect all of the organisms found in the localities in which M. leda was sampled. 
Different colors correspond to different geographical locations. Locality and Wolbachia 































Fig S2 (W-Lepidoptera). Biased dataset exported from pubMLST; this phylogeny includes 
Wolbachia that infect Lepidopteran taxa. Different colors correspond to different Lepidopteran 
































Fig S3 (W-AB). Biased dataset exported from pubMLST; this phylogeny includes all of the 
Wolbachia in supergroups A and B. Different colors correspond to different insect orders. Host 
relatedness and Wolbachia relatedness are uncorrelated; Wolbachia infecting M. leda individuals 

































Table S1. Specimen code, species, and collection locality of samples used in this study.   
Sample Code Genus Species Subspecies Country Island Province / Locality 
AM-028 Melanitis leda leda China  Yunnan 
AM-029 Melanitis leda leda China  Yunnan 
AM-030 Melanitis leda leda Indonesia Java East Java, Mt. Argopuro 
AM021b Melanitis leda bouruana Indonesia Halmahera North Maluku 
AM022b Melanitis leda salomonis Solomon Islands Malaita Malaita 
AM024b Melanitis leda leda Indonesia  East Nusa Tenggara 
AM025b Melanitis leda leda Indonesia  East Nusa Tenggara 
AM026b Melanitis leda levuna Fiji    
AM027b Melanitis leda levuna Fiji    
AM038 Melanitis leda bouruana Indonesia Aru Maluku 
AM103 Melanitis leda salomonis Solomon Islands Malaita Malaita 
AM186 Melanitis leda salomonis Solomon Islands  Makira 
AM187 Melanitis leda salomonis Solomon Islands  Makira 
AM188 Melanitis leda salomonis Solomon Islands  Makira 
BM-014 Melanitis leda helena Kenya   
BM-016 Melanitis leda leda Philippines Palawan  
BM013 Melanitis leda helena Madagascar  Hakuku 
BM015 Melanitis leda helena Kenya   
CN-17-Z013 Melanitis leda solandra Vanuatu  Tanna 
DC-16-P012 Melanitis leda leda Vietnam  Vinh Phuc 
DC-16-P015 Melanitis leda leda Vietnam  Vinh Phuc 
DL-01-P156 Melanitis leda leda Thailand  Phetchaburi 
DL-01-P282 Melanitis leda leda Thailand  Yala 
DL-01-P283 Melanitis leda leda Thailand  Yala 
DL-02-N830 Melanitis leda leda Thailand  Trang 
DL-02-P400 Melanitis leda leda Thailand  Queensland 
DL-02-P731 Melanitis leda leda Thailand  Chiang Mai 
DL-06-B065 Melanitis leda leda Malaysia Borneo Sabah 
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Sample Code Genus Species Subspecies Country Island Province / Locality 
DL-06-B066 Melanitis leda leda Malaysia Borneo Sabah 
DL-06-B067 Melanitis leda leda Malaysia Borneo Sabah 
DL-06-B070 Melanitis leda leda Malaysia Borneo Sabah 
DL-07-B005 Melanitis leda leda Singapore Singapore Kent Ridge 
DL-07-B007 Melanitis leda leda Indonesia Java West Java 
DL-07-B042 Melanitis leda leda Indonesia Java West Java 
DL-07-B075 Melanitis leda leda Indonesia Java West Java 
DL-07-B138 Melanitis leda leda Philippines Alabat Quezon 
DL-07-B163 Melanitis leda leda Indonesia Sumatra West Sumatra 
DL-07-B191 Melanitis leda leda Indonesia Sumatra West Sumatra 
DL-07-B222 Melanitis leda leda Indonesia Sumatra West Sumatra 
DL-07-B223 Melanitis leda leda Indonesia Sumatra West Sumatra 
DL-07-B239 Melanitis leda leda Indonesia Sumatra West Sumatra 
DL-07-B314 Melanitis leda leda Malaysia Borneo Sarawak 
DL-07-B343 Melanitis leda leda China  Yunnan 
DL-07-B344 Melanitis leda leda China  Yunnan 
DL-07-B345 Melanitis leda leda China  Yunnan 
DL-07-D055 Melanitis leda leda Philippines Alabat Quezon 
DL-09-X088 Melanitis leda celebicola Indonesia Sulawesi Gorontalo 
DL-09-X089 Melanitis leda celebicola Indonesia Sulawesi Gorontalo 
DL-10-Z001 Melanitis leda leda Myanmar  Mon State 
DL-10-Z006 Melanitis leda leda Myanmar  Mon State 
DL-10-Z096 Melanitis leda leda Indonesia Java East Java 
DL-11-E030 Melanitis leda leda Philippines Cebu Cebu 
DL-11-E055 Melanitis leda helena Kenya   
DL-11-Q064 Melanitis leda leda Philippines Bohol Bohol 
DL-11-Q073 Melanitis leda leda Philippines Bohol Bohol 
DL-11-Q103 Melanitis leda leda Philippines Cebu Cebu 
DL-12-A017 Melanitis leda celebicola Indonesia Sulawesi Central Sulawesi 
DL-12-A040 Melanitis leda leda Philippines Negros Negros Occidental 
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Sample Code Genus Species Subspecies Country Island Province / Locality 
DL-12-A047 Melanitis leda leda Philippines Negros Negros Occidental 
DL-12-E011 Melanitis leda celebicola Indonesia Sulawesi Central Sulawesi 
DL-12-E052 Melanitis leda celebicola Indonesia Sulawesi Central Sulawesi 
DL-12-E065 Melanitis leda celebicola Indonesia Sulawesi Gorontalo 
DL-12-Q082 Melanitis leda leda Philippines Negros Negros Occidental 
DL-12-R077 Melanitis leda celebicola Indonesia Sulawesi Central Sulawesi 
DL-12-S009 Melanitis leda celebicola Indonesia Sulawesi Central Sulawesi 
DL-13-B017 Melanitis leda leda Philippines Palawan Palawan 
DL-13-B075 Melanitis leda leda Indonesia Sumbawa West Nusa Tenggara 
DL-13-F016 Melanitis leda leda Philippines Negros Negros Occidental 
DL-13-F061 Melanitis leda leda Philippines Palawan Palawan 
DL-13-F088 Melanitis leda celebicola Indonesia Sangir North Sulawesi 
DL-13-F108 Melanitis leda leda Indonesia Flores East Nusa Tenggara 
DL-13-F132 Melanitis leda leda Indonesia Flores East Nusa Tenggara 
DL-13-F149 Melanitis leda leda Indonesia Flores East Nusa Tenggara 
DL-13-F162 Melanitis leda leda Indonesia Sumba East Nusa Tenggara 
DL-13-F242 Melanitis leda leda Indonesia Sumbawa West Nusa Tenggara 
DL-13-F289 Melanitis leda leda Thailand  Kanchanaburi 
DL-13-L017 Melanitis leda leda Philippines Palawan Palawan 
DL-13-L067 Melanitis leda leda Indonesia Sumbawa West Nusa Tenggara 
DL-13-N001 Melanitis leda leda Philippines Negros Negros Occidental 
DL-13-N009 Melanitis leda leda Philippines Negros Negros Occidental 
DL-13-N041 Melanitis leda celebicola Indonesia Sangir North Sulawesi 
DL-13-N069 Melanitis leda leda Indonesia Flores East Nusa Tenggara 
DL-13-N078 Melanitis leda leda Indonesia Flores East Nusa Tenggara 
DL-13-N087 Melanitis leda leda Indonesia Sumba East Nusa Tenggara 
DL-13-N096 Melanitis leda leda Indonesia Sumba East Nusa Tenggara 
DL-13-N134 Melanitis leda leda Indonesia Sumbawa West Nusa Tenggara 
DL-13-P012 Melanitis leda leda Malaysia Borneo Sabah 
DL-13-P013 Melanitis leda leda Malaysia Borneo Sabah 
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Sample Code Genus Species Subspecies Country Island Province / Locality 
DL-13-P014 Melanitis leda leda Malaysia Borneo Sabah 
DL-16-V024 Melanitis leda leda Vietnam  Dong Nai 
EE-001 Melanitis leda leda Myanmar   
EE-002 Melanitis leda leda Myanmar   
EI-16-D249 Melanitis leda leda Indonesia Timor West Timor 
EI-16-D253 Melanitis leda leda Indonesia Flores East Nusa Tenggara 
EW18-9 Melanitis leda leda Australia  Queensland 
EW25-18 Melanitis leda leda Bangladesh  Sylhet Division 
II-021 Melanitis leda helena Madagascar  Bepara Sy. 
II-022 Melanitis leda helena Madagascar  Bepara Sy. 
II-023 Melanitis leda bouruana 
Papua New 
Guinea  Bulolo M.P. 
JM1-13 Melanitis leda helena Zambia   
KC-B112-02 Melanitis leda leda Thailand  Trang 
KC-B116-02 Melanitis leda leda Thailand  Trang 
KC-X105-01 Melanitis leda leda Thailand  Trang 
MAC-05-N466 Melanitis leda levuna Fiji Viti Levu Ba 
MFB-08-DL06 Melanitis leda bankia Australia  Northern Territory 
MFB-08-DL08 Melanitis leda bankia Australia  Northern Territory 
MFB-08-DL09 Melanitis leda bankia Australia  Northern Territory 
MFB-08-DL12 Melanitis leda bankia Australia  Northern Territory 
NW98-1 Melanitis leda celebicola Indonesia Sulawesi Central Sulawesi 
RE-02-A069 Melanitis leda leda Vietnam  Dong Nai 
RE-04-C244 Melanitis leda leda Thailand  Phetchaburi 
RE-04-C245 Melanitis leda leda Thailand  Phetchaburi 
RE-08-J016 Melanitis leda leda Australia  Queensland 
RE-08-J017 Melanitis leda bankia Australia  Queensland 
RE-08-J018 Melanitis leda leda Australia  Queensland 
RE-08-J019 Melanitis leda bankia Australia  Queensland 
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Sample Code Genus Species Subspecies Country Island Province / Locality 
RE-08-J020 Melanitis leda bankia Australia  Queensland 
SZS-KW-028 Melanitis leda helena Ghana  
Sagyimaase, Atewa 
Range 
SZS-KW-264 Melanitis leda helena Liberia  
Cellcom Road, ENNR, 
Nimba Mountains 
SZS-KW-269 Melanitis leda helena Liberia  
Coldwater, East Nimba 
Nature Reserve 
SZS-KW-270 Melanitis leda helena Liberia  
Coldwater, East Nimba 
Nature Reserve 
SZS-KW-281 Melanitis leda helena Uganda  Mpanga Forest 
SZS-KW-282 Melanitis leda helena Uganda  Mpanga Forest 
SZS-KW-283 Melanitis leda helena Uganda  Mpanga Forest 















WCT-338 Melanitis leda leda Taiwan Taiwan  











Table S2. Primers and PCR annealing temperatures used to amplify genetic markers in Melanitis leda and Wolbachia.  






55° C Pierce Lab 
 Nancy-tR:ATTAACCCTCACTAAAGCCCGGTAAAATTAAAATATAAACTTC 55° C Pierce Lab 
 COIb-tF1:TAATACGACTCACTATAGGGCAACAYTTATTTTGATTYTTTGGYC 58.2° C Lohman Lab 




58.5° C Schmidt & 
Hughes 2012 
 
REVCBJ-tR: ATTAACCCTCACTAAAGACTGGTCGAGCTCCAATTCATGT 58.5° C Schmidt & 
Hughes 2017 
EF1a ef44-tF:TAATACGACTCACTATAGGGGCYGARCGYGARCGTGGTATYAC 63.5° C Pierce Lab 
 ef52.6-tR:ATTAACCCTCACTAAAGGCYTCGTGGTGCATYTCSAC 63.5° C Pierce Lab 
 ef51.9-tF:TAATACGACTCACTATAGGGCARGACGTATACAAAATCGG 59.2° C Pierce Lab 
 EFrcM4-tR:ATTAACCCTCACTAAAGACAGCVACKGTYTGYCTCATRTC 59.2° C Pierce Lab 
Wg Wg1n-tF:TAATACGACTCACTATAGGGCGGAGATGCGMCAGGARTGC 63.6° C  






















































































Melanitis leda COI GTR+G 
Melanitis leda cytB GTR+G 
Melanitis leda Wg HKY+G 
Melanitis leda EF1a SYM+G 
Wolbachia (M. 
leda) gatB GTR+G 
Wolbachia (M. 
leda) hcpA GTR+G 
Wolbachia (M. 
leda) fbpA GTR+G 
Wolbachia (M. 
leda) ftsZ GTR+G 
Wolbachia (M. 
leda) coxA GTR+G 
Criteria One (C1) gatB GTR+G 
Criteria One (C1) hcpA GTR+G 
Criteria One (C1) fbpA GTR+G 
Criteria One (C1) ftsZ GTR+G 
Criteria One (C1) coxA GTR+G 
Criteria Two (C2) gatB JC 
Criteria Two (C2) hcpA JC 
Criteria Two (C2) fbpA JC 
Criteria Two (C2) ftsZ JC 
Criteria Two (C2) coxA JC 
Criteria Three (C3) gatB GTR+G 
Criteria Three (C3) hcpA GTR+G 
Criteria Three (C3) fbpA GTR+G 
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Criteria Three (C3) ftsZ GTR+G 
Criteria Three (C3) coxA GTR+G+I 
 
Table S4. Uncorrected pairwise distances between COI within and between various clades. 






Wallacea+Java Wallacea+Java 0.002 
South Pacific South Pacific 0.005 
Widespread Widespread 0.002 
Uninfected Uninfected 0.003 
Infected Infected 0.018 
All M. leda individuals All M. leda individuals 0.015 
Australia+New Guinea South Pacific 0.03 
Australia+New Guinea Uganda 0.021 
Australia+New Guinea Wallacea+Java 0.016 
Australia+New Guinea Widespread 0.019 
Wallacea+Java South Pacific 0.032 
Wallacea+Java Uganda 0.026 
Wallacea+Java Widespread 0.022 
South Pacific Uganda 0.134 
South Pacific Widespread 0.134 
Widespread Uganda 0.001 
Infected Uninfected 0.015 
 








Mainland Asia   
Africa    
Australia N/A 100% 11 
Bangladesh N/A 0% 1 
China N/A 0% 5 
Fiji N/A 100% 3 
Kenya N/A 0% 3 
Madagascar N/A 0% 3 
Malaysia N/A 50% 8 
Myanmar N/A 0% 4 
Singapore N/A 0% 1 
Solomon Is. N/A 100% 5 
Taiwan N/A 0% 2 
Thailand N/A 50% 11 
Vanuatu N/A 100% 1 
Vietnam N/A 0% 5 
Zambia N/A 100% 1 
Liberia N/A 100% 3 
Ghana N/A 100% 1 
Cameroon N/A 100% 3 
New Guinea N/A 100% 1 
Nigeria N/A 100% 3 
Uganda N/A 100% 3 
Philippines 
Whole 
country 56% 14 
Philippines Quezon 50% 2 
Philippines Bohol 50% 2 
Philippines Cebu 100% 2 
Philippines Negros 33% 6 
Philippines Palawan 100% 2 




Indonesia Aru 100% 2 
Indonesia Flores 100% 5 
Indonesia Java 100% 6 
Indonesia Sangir 100% 2 
Indonesia Sulawesi 89% 10 
Indonesia Sumatra 20% 5 
Indonesia Sumba 100% 3 
Indonesia Sumbawa 100% 4 













Table S6. The specimens used in MLST analyses, as well as other specimens in which wsp was sequenced. This table includes the 
specimen code, locality, and Wolbachia loci. Wolbachia that coinfect specimens from Australia and Fiji are denoted with the normal 








ST Supergroup gatB coxA hcpA ftsZ fbpA wsp 
2 Nigeria, Africa ST-302 B         2 694 
AM021 Halmahera ST-297 B           61 
AM022 
Malaitia, 
Solomons ST-19 A 7 6 7 3 8 108 
AM024 
Timor, 
Indonesia ST-297 B           61 
AM025 
Timor, 
Indonesia ST-297 B           61 
AM026_1 Viti Levu, Fiji ST-19 A 7 6 7 3     
AM026_2 Viti Levu, Fiji ST-163? B   87 29       
AM027_1 Viti Levu, Fiji ST-19 A 7 6   3   108 
AM027_2 Viti Levu, Fiji ST-163? B             
AM038 Aru, Indonesia ST-163 B 107 87 29 35 27 ___________ 
AM103 Solomons ST-19 A           108 
AM186 
Makira, 
Solomons ST-19 A   6 7 3     
AM187 
Makira, 
Solomons ST-19 A   6 7 3 8 108 
AM188 
Makira, 
Solomons ST-19 A 7 6 7 3 8 108 
AM30 
Java, 
Indonesia ST-297 B           61 
BM-016 
Palawan, 
Philippines ST-302 B           561, 694 
CN-17-Z013 Vanuatu ST-19 A 7 6   3     
DL-01-P282 Thailand ST-302 B           561, 694 
DL-01-P283 Thailand ST-302 B           694 
DL-02-P400 Australia ST-163 B 107 87 29 35 27   






Indonesia ST-297 B 16 14 40 73 4 61 
DL-07-B008 
Java, 
Indonesia ST-297 B           61 
DL-07-B042 
Java, 
Indonesia ST-297 B           61 
DL-07-B138 
Quezon, 
Philippines ST-302 B 9 14 143 73 4 694 
DL-07-B191 
Sumatra, 
Indonesia ST-302 B 9 14 143 73 4 694 
DL-07-B314 
Sarawak, 
Malaysia ST-302 B           561, 694 
DL-09-X088 
Sulawesi, 
Indonesia ST-297 B           61 
DL-09-X089 
Sulawesi, 
Indonesia ST-297 B           61 
DL-09-X090 
Sulawesi, 
Indonesia ST-297 B           61 
DL-10-Z096 
Java, 
Indonesia ST-297 B 16 14 40 73 4 61 
DL-11-E030 
Cebu, 
Philippines ST-302 B 9 14 143 73 4 694 
DL-11-Q064 
Bohol, 
Philippines ST-302 B 9 14 143 73 4 694 
DL-11-Q103 
Cebu, 
Philippines ST-302 B 9 14 143 73 4 694 
DL-12-A017 
Sulawesi, 
Indonesia ST-297 B 16 14 40 73 4 61 
DL-12-A040 
Negros, 
Philippines ST-302 B 9 14 143 73 4 694 
DL-12-E052 
Sulawesi, 





Philippines ST-302 B 9 14 143 73 4 694 
DL-13-B018 
Palawan, 
Philippines ST-wLed1 Novel           637 
DL-13-B075 
Sumbawa, 
Indonesia ST-297 B 16 14 40 73 4 61 
DL-13-F061 
Palawan, 
Philippines ST-wLed1 Novel 9 14 206 22 4 637 
DL-13-F088 
Sangir, 
Indonesia ST-297 B 16 14 40 73 4 61 
DL-13-F108 
Flores, 
Indonesia ST-297 B 16 14 40 73 4 61 
DL-13-F162 
Sumba, 
Indonesia ST-297 B 16 14 40 73 4 61 
DL-13-L067 
Sumbawa, 
Indonesia ST-297 B 16 14 40 73 4 61 
DL-13-N009 
Negros, 
Philippines ST-302 B 9 14 143 73 4 694 
DL-13-N041 
Sangir, 
Indonesia ST-297 B 16 14 40 73 4 61 
DL-13-N069 
Flores, 
Indonesia ST-297 B 16 14 40 73 4 61 
DL-13-N087 
Sumba, 
Indonesia ST-297 B __________ 14 40 73 4 61 
DL-13-P012 
Sabah, 
Malaysia ST-302 B 9 14 143 73 4 694 
DL-13-P014 
Sabah, 
Malaysia ST-302 B REDO       4 694 
EI-16-D249 
Timor, 
Indonesia ST-297 B 16 14 40 73 4 61 
EW18-9_1 Australia ST-297 B 16   40 73 4   
EW18-9_2 Australia ST-163 B 107  29 35 27   
JM1-13 Zambia, Africa ST-302 B 9 14 143 73 4 694 
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KC-B116-02 Thailand ST-302 B           694 
KC-X105-01 
Trang, 
Thailand ST-302 B   14 143 73 4 694 
MAC-05-
N466 Viti Levu, Fiji ST-163 B 107 87 29 35 27 good quality 
MFB-08-
DL06 NT, Australia ST-297 B           61 
MFB-08-
DL08 NT, Australia ST-297 B           61 
MFB-08-
DL12 NT, Australia ST-163 B           160 
NW98-1 
Sulawesi, 
Indonesia ST-297 B           61 
RE-04-C245 Thailand ST-302 B           561, 694 
RE-08-
J016_1 Australia ST-297 B 16 ? 40 73 4 61 
RE-08-
J016_2 Australia ST-163 B 107 87   35 27 584, 160 
SZS-KW-
028 Ghana, Africa ST-302 B 9 14 143 73 4 694 
SZS-KW-
264 Liberia, Africa ST-302 B 9 14 143 73 4 694 
SZS-KW-
281 Uganda, Africa ST-302 B           694 
SZS-KW-




Africa ST-302 B 9 14 143 73 4 694 
          
Legend          
ST- 297 Green         
ST-302 Brown         
ST-163 Blue         
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ST-187 Purple         
ST-19 Pink         
ST-
wZitenius1 Gold         
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